Abstract-This paper discusses elastic optical networking (EON) by dynamic optical arbitrary waveform generation and measurement (DOAWG/DOAWM) technologies for flexible and agile bandwidth-variable transponders. The ability to generate and measure flexible bandwidth signals with arbitrary modulation formats and subwavelength granularity, as well as superchannels, makes DOAWG/DOAWM an attractive technology for EON. We introduce the DOAWG/DOAWM concept and its application to EON, and we discuss the use and advantages of DOAWG/DOAWM as the technology for a sliceable bandwidth variable transponder (SBV-T). Then we report our most recent experimental demonstration of a two-spectralslice OAWG-SBV-T experiment to generate a single-carrier 60 Gbaud channel with dual-polarization quadrature phase-shift keying and dual-polarization 16 quadrature amplitude modulation formats. Finally, we discuss our current progress on the development of a chip-scale DOAWG on a heterogeneous Si 3 N 4 -InP integration platform.
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I. INTRODUCTION
E lastic optical networking (EON) [1] enables efficient spectrum utilization by allocating variable bandwidth to each user according to their actual needs. Unlike WDM networks, EON utilizes the optical spectrum divided into arbitrary or smaller frequency units (e.g., 12.5 or 25 GHz, also known as spectral slices). This allows various connections (flexpaths) to be set up using an arbitrary bandwidth of spectral slices of arbitrary modulation format depending on the bandwidth, the distance, and the link condition requests of the spectral slices for transmission.
The flexibility in spectrum and bandwidth allocation together with variable modulation formats allows for more optimized utilization of network resources according to the given traffic demand and the link conditions. The network resource optimization spans temporal and spectral domains, and efficient and effective algorithms need to be part of the network control and management to allocate the available resources optimally. For instance, dynamic adaptation to the varying traffic demand can lead to stranded and fragmented [2, 3] spectral resources in EON, where there is no fixed spectral grid. Recent studies investigated spectral and temporal domain solutions for fragmentation-aware routing, spectrum, and modulation format assignment (RSMA) [4, 5] in 2D EON with time and spectrum flexibility.
At the physical layer, EON can employ coherent optical orthogonal frequency division multiplexing (CO-OFDM), coherent optical WDM (CO-WDM), Nyquist WDM [6] , or the dynamic optical arbitrary waveform generation (DOAWG) and dynamic optical arbitrary waveform measurement (DOAWM) technologies [7] , adopting various modulation formats across the flexible bandwidth depending on the reach.
A key component of EON is bandwidth-variable optical cross connects (BV-OXCs) and bandwidth-variable transponders. These transponders implement a range of functions, including support of multiple bit rates (e.g., from 10 Gbits∕s to 1 Tbit∕s) and dynamically changeable modulation formats and symbol rates. In order to increase the flexibility of EON, a sliceable bandwidth-variable transponder (SBV-T) has been proposed as a transponder that can include multiple subtransponders [8] . This capability enables flexibility using two methods: 1) by freely configuring the modulation format of each individual subcarrier, and 2) by enabling the operation of each subcarrier either as a single-carrier transponder or as part of a larger superchannel through the logical separation of flows with different destinations [9] . The key element inside the SBV-T is the optical front end, which is the module distributing different traffic demands over several subcarriers, which are then grouped into superchannels. The front end contains a set of subcarrier generation modules. A subcarrier generation module consists of either an array of independent laser sources (multisource as in Nyquist WDM) or a single multiwavelength source (i.e., a source able to generate several optical carriers from a single laser) [9] , as in the case of coherent WDM or DOAWG/DOAWM. In the former case, all laser sources are independent, i.e., their central frequency can be configured to any value within the C-band and without additional constraints. In the latter case, the frequencies within the multiwavelength source are not independent, and thus they have to be contiguous with a spectral separation typically limited within a few tens of gigahertz. Therefore, in order to exploit the sliceable capability, additional constraints have to be considered in the RMSA process [10] . However, a multiwavelength source can be less expensive and guarantees more stability than independent laser sources, hence enabling better subcarrier spacing when the sliceable capability is not exploited (i.e., all subcarriers are corouted and contiguous), in turn guaranteeing higher spectral efficiency [9, 11] .
Several studies conducted on the use of SBV-Ts show the numerous benefits that can be achieved. The common conclusion is that SBV-Ts, thanks to its flexibility, have attractive features in terms of programmable rate per destination, cost reduction when migrating toward high-rate superchannels, and prospects for the integrability of several transponder elements into a single chip [11, 12] . This paper will focus on DOAWG/DOAWM as enabling EON data plane technology capable of implementing sliceable bandwidth functionality. The remainder of this paper is organized as follows. Section II introduces the concept of DOAWG and DOAWM and their applications as EON transmitters and EON receivers to exploit elasticity in the temporal and spectral domains. Subsections II.A and II.B introduce for the first time (to our knowledge) the use and advantages of DOAWG/DOAWM in an SBV-T for EON. Subsection II.C and Section III report a summary of the most significant experimental results achieved at the Univeristy of California Davis laboratories. In particular, Subsection II.C reports an experimental demonstration of single-channel two-slice DOAWG signal generation at 60 Gbaud [13] , while Section III reports experimental characterization results for a chip-scale DOAWG on a hybrid integration platform [14] . Section IV concludes the paper.
II. OPTICAL ARBITRARY WAVEFORM GENERATION AND
MEASUREMENT TECHNOLOGIES
A. Working Principle
As Fig. 1(a) illustrates, DOAWG [7, 15, 16] begins with a coherent optical frequency comb (OFC), which is spectrally demultiplexed with narrow passbands placing each comb line at a separate spatial location. A set of in-phase and quadrature-phase modulators (I/Q modulators) each with a bandwidth of Δf G , apply temporal I/Q modulation to broaden the comb lines to create the spectral slices. Coherently combining the spectral slices using a gapless spectral multiplexer with broad overlapping passbands ensures a continuous bandwidth output waveform [17] . Note that DOAWG digital signal processing (DSP) can also be applied to a subgroup of comb lines to create multiple channels with guard bands, as discussed below in Subsection II.B. In this manner, an arbitrary waveform (in amplitude and phase) across multiterahertz bandwidths can be generated by using standard CMOS electronics (<25 GHz). Previous experimental results achieved 240 and 360 Gbit∕s and 1.2 Tbit∕s data generation with binary phase-shift keying, quadrature phase-shift keying (QPSK), and 16 quadrature amplitude modulation (16QAM) modulation formats [17] [18] [19] [20] [21] for static optical arbitrary waveform generation (OAWG), and 480 Gbits∕s for DOAWG [13] . Note that static OAWG can generate only periodic waveforms, so it cannot be used for telecom applications. The working principle of DOAWM is quite analogous to that of DOAWG working in reverse, except for the fact that it will carry out coherent detection instead of coherent generation at each spectral slice. The optical comb and arbitrary optical waveform will propagate in the opposite direction in DOAWM compared to DOAWG. illustrates how a DOAWM receiver characterizes waveforms through the coherent detection of M spectral slices, each with bandwidth Δf M . For the receiver, a reference OFC with M lines spaced at Δf M provides a reference tone for the detection of each spectral slice [22] . The reference comb lines are isolated using a spectral demultiplexer with narrow and discrete passbands, and the signal is divided into spectral slices using a separate gapless spectral demultiplexer that has strongly overlapping passbands. Each reference comb line is then used to detect the corresponding spectral slice using a standard digital coherent receiver [23] . At this point, DSP enables recombination of the spectral slices after electronic detection. In this transmission system, Δf G can be different from Δf M as long as the total measurement bandwidth (M × Δf M ) is greater than the generated waveform's bandwidth (N × Δf G ). The use of spectral slices enables independent optimization at the transmitter and receiver for the exact bandwidth of the available electronics, and also allows utilization of the transmitters and receivers across heterogeneous network domains.
The DOAWG and DOAWM can precompensate or postcompensate for chromatic dispersion [17] [18] [19] [20] [21] , and they can also incorporate all-optical passband pre-emphasis or postcompensation filtering to equalize the nonuniform RF response of the modulators and detectors to ensure high-fidelity waveform generation after the multiplexer [17, 24] . In addition, precompensation and postcompensation can shape the waveform to maintain the lowest peak-to-average power ratio across the transmission link to suppress nonlinear impairments. While other recent flexible bandwidth networking research activities have extensively used CO-OFDM, CO-WDM, or Nyquist WDM technologies, the dynamic OAWG/OAWM technology has the following key advantages over the aforementioned counterparts for EON to be pursued here [25] .
The DOAWG/DOAWM technology can generate and detect signals of any modulation format across the flexible bandwidth. Hence, DOAWG/DOAWM technology is also backward compatible with CO-OFDM, CO-WDM, and Nyquist-WDM technologies, while the converse is not true. In particular, as discussed below in Subsection II.B, it is possible to generate a number of channels greater than the number of comb lines and spectral slices. The main advantage is that there is no need for grooming "small" connections, since we can have a channel as narrow as needed. This is not possible when using Nyquist or coherent WDM or CO-OFDM. Figure 2 depicts an elastic optical network with flex-grid nodes with add/drop ports and DOAWG/DOAWM SBV-T transponders at the client layer. Each node can be equipped with one or more DOAWG/DOAWM transponders, each one covering N spectral slices (e.g., N 32). The ability of DOAWG to arbitrarily shape a waveform in time and frequency by Fourier synthesis and by combination of multiple spectral slices makes it possible to naturally implement the SBV-T functionality discussed in the introduction. For instance, node C in Fig. 2 shows a DOAWG-based SBV-T generating multiple channels of different bandwidth and modulation formats directed to different destinations.
B. Sliceable Bandwidth-Variable Transponder
The SBV-Ts interface with the client layer through 10, 100, and 400 Gbit∕s interfaces. Note that the DSP for DOAWG allows the generation of subchannels as well as superchannels (see Fig. 3 ) according to the requirements determined by the flow processing blocks, which include flexible/sliceable optical transport network interfaces and flow distributors [11] . In particular, as shown in Fig. 3(c) , the number of optical channels is not limited by the number of frequency comb lines, and it is possible to generate a greater number of optical channels than the number of comb lines and spectral slices. In fact, DOAWG can combine multiple slices of bandwidth Δf G to synthesize any arbitrary waveform of band Δf G N (N is the number of comb lines) with a spectrum that can be continuous (single channel) or with gaps (multiple channels), as shown in Figs. 3(b) and 3(c) . The main advantage is that there is no need for grooming "small" connections, since we can have a channel as narrow as needed. This is not possible when using Nyquist WDM or coherent WDM.
Finally, it is important to point out that the DOAWG DSP can apply to subgroups of comb lines and spectral slices, as shown in Fig. 3 . This guarantees that it is possible to redo the DSP for some spectral slices without affecting neighboring channels (so that the reconfiguration can be hitless). Figure 3 shows that the reconfiguration going from four channels in Fig. 3(a) to three channels in Fig. 3(b) and five channels in Fig. 3(c) affects only the first two DOAWG spectral slices.
The next section reports an experimental demonstration of SBV-T-based DOAWG using two spectral slices to generate a single channel at 60 Gbaud with a 16QAM or QPSK modulation format [13] .
C. DOAWG-Based SBV-T Experimental Demonstration
Figure 4(a) shows the experimental setup of the two-slice SBV-T OAWG transmitter demonstration. An external cavity laser (ECL; 100 kHz linewidth) at 1546.12 nm and modulated by a Mach-Zehnder modulator (MZM) generates two comb lines. An RF synthesizer provides a 33.28125 GHz tone, which corresponds to the frequency comb spacing. The optical power of each comb line is ∼15 dBm after optical amplification. A Santec wavelengthselective switch (WSS) acts as the frequency demultiplexer, shown in Fig. 1(a) . The WSS provides more than 35 dB isolation between the two adjacent spectral slices. A 2 × 2 power combiner instead acts as a multiplexer [e.g., arrayed waveguide gratings (AWGs)] to combine the two slices. Transmitters with more than two slices should use AWGs with overlapping passbands for scalability due to the higher losses of N:1 combiners when N ≥ 4. The Santec WSS, based on liquid-crystal-on-silicon (LCOS) technology, supports 12.5 GHz flexible grid operation and therefore is capable of providing its outputs with a more than 35 dB extinction ratio between the two 33 GHz spacing optical comb lines. Each output comb line is individually modulated by an I/Q modulator. The two slices combined by the multiplexer (a simple 3 dB coupler in this case) form the DOAWG signal with a QPSK or 16QAM modulation format. A state-of-the-art four-channel digital-to-analog converter (DAC) generates the I/Q modulators' driving signals. The DAC has a maximum sampling rate of 65 GS∕s, resolution of 8 bits, and effective number of bits of 6.5. We use polarization controllers (PCs) before each I/Q modulator to align the polarization state to the I/Q modulators' polarization axes. PCs after each I/Q modulator align the polarization states of the two slices to maximize the output power after the polarization beam splitter (PBS). The two-slice DOAWG signal is then amplified by a polarization-maintaining erbium-doped fiber amplifier (PM-EDFA). After the PM-EDFA, a polarization division multiplexer (Pol Mux) with a delay difference of 22,920 symbols (i.e., 382 ns) emulates polarization division multiplexed (PDM) signals. At the output of the second PBS, the signals generated by the transmitter are PDM waveforms with 60 Gbaud symbol rate. The maximum output power of the transmitter is ∼15.2 dBm with 35 dB optical signalto-noise ratio (OSNR) (at 0.1 nm bandwidth resolution). The right-hand side of Fig. 4(a) shows the noise-loading setup that contains a programmable optical variable attenuator (ATT) and an erbium-doped fiber amplifier (EDFA). Increasing the attenuation loads additional amplified spontaneous emission (ASE) noise to the signal. An optical spectrum analyzer with 0.1 nm resolution monitors the OSNR values. The receiver is a polarization-diversified digital coherent receiver that contains a local oscillator (LO) laser with 100 kHz linewidth, a polarization diversity 90°optical hybrid, two balanced photodetectors, and a fourchannel real-time oscilloscope with a 120 GS∕s sampling rate (2× the symbol rate).
We calculated the bit error rates (BERs) of the received data using offline DSP. To begin with, the DSP corrects for any front-end errors including timing skew, hybrid phase error, and frequency roll-off of the balanced photodetectors and oscilloscope. Next, the DSP applies a 2 × 2 multipleinput multiple-output equalizer with a 67 T∕2-spaced (T 1∕60 ns) tap finite impulse response (FIR) filter. For QPSK waveforms, the filter coefficients are adapted by a constant modulus algorithm [26] . For the 16QAM waveforms, the coefficients are adapted by a multilevel modulus algorithm [27] . The number of the taps that we used in the FIR filter was smaller than the delay values in the Pol Mux. After the equalizer converges, the DSP uses the Viterbi-Viterbi algorithm [28] for LO frequency offset and phase recovery. Finally, the DSP uses a hard-decision threshold to convert the constellation point to a bit sequence and count bit errors from 950,000 symbols. Figure 4(b) shows the back-to-back BER performance of the 60 Gbaud QPSK and 16QAM waveforms. Since the transmitter uses fiber pigtailed components to generate and combine the spectral slices, each measurement has a random phase misalignment between the two spectral slices. Therefore, we stored and processed 10 data sets at each OSNR value with 2,000,000 samples for each data set to investigate the statistics of the BER performance. Because the phase error is a unitary distortion (i.e., lossless), it is not expected to degrade the BER if the equalizer converges. At a BER of 1 × 10 −3 , the OSNR variation was <1 dB between the best and worst BER values, which indicates that the measurements were repeatable and stable, as also reported in [29] . Figure 4(b) shows the best BER performance out of 10 data sets. The 16QAM waveform had an only ∼2.5 dB OSNR implementation penalty at a BER of 1 × 10 −2 with 7.18 bit∕s∕Hz spectral efficiency (this value represents the spectrum efficiency of the single 16QAM waveform and does not take into account any optical filtering or channel spacing that would be used in a dense WDM or Nyquist WDM scenario). Note that the OSNR penalty is calculated against the theoretical curve. we can use the DOAWG-based SBV-T transmitter to generate a high-quality waveform with advanced modulation formats.
We tested the DOAWG transmitter with a recirculating loop transmission experiment of the 60 Gbaud QPSK waveform. Figure 5 (top) shows the experimental setup of the recirculating loop, which contains 4 × 80 km (320 km per loop) standard single-mode fiber and EDFAs and a WSS for spectral shaping (gain flattening), followed by an additional EDFA to compensate for loop losses. The electro-optic control loop switches were triggered by two RF waveform generators. The output of the loop was sent to the coherent receiver with the LO for further signal processing (same as the one described above for the back-to-back experiment). The total launch power was 3 dBm, which represented a good trade-off between OSNR at the loop output and nonlinearities. The DSP digitally compensated for chromatic dispersion from the long-haul (320 to 4480 km) fiber transmission. Figure 5 (bottom) shows the singlechannel transmission performance with different amounts of fiber spans for the 60 Gbaud PDM QPSK waveform (blue dot curve). After 4480 km transmission, the BER was 3.2 × 10 −3 , which is below the hard decision forward error correction (HD-FEC) limit (3.8 × 10 −3 , [30] ) and the Q 2 -factor, which is defined as Q 2 20 × log 10 2 p erfc −1 2 × BER [31] , was 8.71 dB.
III. RECENT PROGRESS ON INTEGRATED DOAWG ON A HETEROGENEOUSLY INTEGRATED PLATFORM
Photonic integration is a critical aspect for the commercial viability of DOAWG and, in general, of any SBV-T architecture. In particular for DOAWG, it is important to avoid phase mismatch and instability between the spectral slices. This can only be done by developing a chip-scale version of the proposed architecture. Fidelity, scalability, and bandwidth of DOAWG depends strongly on those of the spectral demultiplexer, the modulator array, and the spectral multiplexer integrated to constitute the OAWG. While the monolithically integrated OAWGs based on the InP platform can achieve reasonably good high-speed modulators, InP multiplexers/demultiplexers are relatively high loss and low contrast [32] . On the other hand, recent demonstration of high-contrast and low-loss Si 3 N 4 ∕SiO 2 AWGs [33] are ideal for multiplexers and demultiplexers for OAWGs, but it is difficult to achieve high-fidelity, high-speed analog amplitude and phase modulation in Si 3 N 4 ∕SiO 2 modulators. In this paper, we report a new (to our knowledge) heterogeneously integrated OAWG module consisting of a Si 3 N 4 ∕SiO 2 AWG demultiplexer, an InP modulator array, and a Si 3 N 4 ∕SiO 2 AWG multiplexer. Figure 6 (a) shows the multiheterodyne and coherent detection setup to test the waveforms generated with the fabricated prototype. For the electrical part, we synchronized two synthesizers and pattern generators together with a 10 MHz reference. The pattern generator's output is a 500 MHz rectangular wave. On the data bar (data negated) output port we inserted 1 bit delay so that the rectangular wave from the data and data bar were synchronized appropriately. We used eight OAWG channels and drove four by splitting each port from the pulse pattern generator (PPG) to two modulating signals. The modulation power for each channel is 10 dBm. Regarding the optical part, two frequency comb sets with 20 GHz (signal) and 19 GHz (reference) beat and pass through the demultiplexer AWG. Then each comb gets phase modulated in an InP modulator and combined by the multiplexer AWG. The WSSs filter out the eight combs on both the signal and reference arms. The electrical 5 GHz low-pass filters before the real-time scope remove the high-frequency beating noise. [34] can be used to improve the cross talk by at least 10 dB. All three of these chips are 10 mm long and glued on an aluminum mount, also with UV epoxy. Two PCBs are wire bonded to the InP modulator chip to drive the modulator arrays. The coplanar waveguides on the PCBs are path length matched to avoid signal delay between channels. We match the traveling wave modulators with the on-board 50 Ω alternatingcurrent coupled termination. SMA cables connect to the PCBs to feed modulation onto the modulator chip. Figure 6(c) shows the fiber-to-fiber transmission spectrum of the Si 3 N 4 AWG pair with matching passbands measured by an optical vector network analyzer. We measured the 12 outputs for both chips. The passbands are displayed by solid and dashed curves for chip 1 and chip 2. The insertion loss is ∼8-10 dB. Figure 6 (d) shows a 5 ns time window of dynamic pulses with 500 MHz rectangular wave modulation creating alternating [0,0,0,0,0,0,0,0] and 0 π π π π 0 0 0 phase patterns on eight combs, and they correspond to waveforms 1 and 2, respectively. Waveform 1 from 30 to 31 ns is a sharp single pulse, and waveform 2 from 31 to 32 ns is a pulse having two humps within a period. Based on this new progress in DOAWG on the Si 3 N 4 -InP heterogeneously integrated platform, we are currently conducting experiments involving BER and fiber transmission measurements.
IV. CONCLUSIONS
This paper discusses EON, exploiting a data plane technology based on DOAWG/DOAWM. In particular, DOAWG enables flexibility in the temporal and spectral domains by combining multiple spectral slices and generating optical channels with subwavelength granularity as well as superchannels. The sliceabilty is not limited by the number of combs. This makes DOAWG-based SBV-T truly flexible and adaptable to any type of flex flow (the limitations on the current narrower filter bandwidth being 12.5 GHz).
A two-spectral-slice experiment demonstrates the capability of DOAWG to act as a SBV-T and generate a single-carrier 60 Gbaud channel while using electronics with limited bandwidth (<30 GHz). Finally, the paper reported new (to our knowledge) heterogeneous photonic integration techniques for DOAWG. By exploiting the high-contrast, low-phase-error Si 3 N 4 AWGs and lowvoltage, nearly pure phase InP modulators, we successfully generated a dynamic waveform with 500 MHz modulation from a heterogeneously integrated chip-scale module consisting of a Si 3 N 4 AWG, an InP modulator array, and a Si 3 N 4 AWG. The bandwidth of our integrated OAWG device is currently limited by the speed of InP modulators. The heavily doped n-type substrate introduces a significant microwave loss. We can improve the modulator speed and thus OAWG bandwidth by using a semi-insulating substrate or using different integration platforms, i.e., lithium niobate (LiNbO 3 ) [35] . Future work will focus on improving the development of advanced peripheral interface controller devices to implement the DOAWG transmitter structure with better stability, higher bandwidth, and lower losses, which will lead to successful fiber transmission, and networking experiments involving DOAWG/ DOAWM for EON utilizing the new heterogeneously integrated peripheral interface controllers.
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